1. Introduction {#SEC1}
===============

Chickpea (*Cicer arietinum* L.) is the only cultivated species in the genus *Cicer*. This is the fourth important legume crop after soybean (Glycine max), common bean (Phaseolus vulgaris) and common pea (Pisum sativum). According to the seed morphology, chickpea is of two types; *desi* type with small dark brown seeds and *kabuli* with bold pale brown seeds. Recently, draft genome assemblies of both the chickpea types have been reported.[@dsw042-B1] Chickpea was domesticated with wheat, barley, peas and lentil as a member of West Asian Neolithic crops during the origin of agriculture around 10,000 years ago with the oldest archaeological evidence from 7500 B.C.[@dsw042-B4]^,^[@dsw042-B5] The annual species *C. reticulatum* L. is considered to be the wild progenitor of the cultivated chickpea and both the species are interfertile, suggesting the wild as the primary gene pool of the cultigen. *C. echinospermum* D. is considered as the secondary gene pool and is crossable with both the wild progenitor and the cultivated chickpea, but shows a strong barrier to genic flux and the hybrids tend to be sterile. The other annual *Cicer* species may form the tertiary gene pool.[@dsw042-B6] In contrast to the wild progenitors of other Neolithic crops, *C. reticulatum* shows a narrow eco-geographic distribution indicating its limited adaptive variation, which caused the first bottleneck of genetic base of cultivated chickpea.[@dsw042-B4] Domestication of many crops occurred with a limited number of founding genotypes followed by subsequent selection. Selection of phenotypes included loss of dormancy, reduced pod dehiscence, larger plant and seed size with more erect habit ([Fig. 1](#dsw042-F1){ref-type="fig"}). However, the key feature of chickpea domestication was the change in the cropping season. While most of the crops with West Asian origin are autumn-sown, chickpea was transformed from an autumn-sown crop to a spring-sown crop to avoid *Ascochyta* blight caused by the fungus *Ascochyta rabiei*.[@dsw042-B7] This change in cropping season resulted in the separation of the reproductive phases of the cultivated species and the wild progenitor and caused another bottleneck in the genetic base. The major genetic difference that was selected for the change in cropping season was the loss of response to vernalization in the cultivated species.[@dsw042-B8] Figure 1Images of field-grown wild (*C. reticulatum* L.) (left) and cultivated (*C. arietinum* L.) chickpea (right) plants and seeds. The colour version of the figure is available online.

Domestication process of most of the crops focused on improved yield, product size and organoleptic quality, however, tolerance to abiotic stresses and pathogen infection were compromised in this process. Naturally occurring resistant alleles in the wild relatives of the cultivated crops are an underexploited resource for plant breeding and can be introgressed into the elite cultivated genotypes to improve agricultural performance.[@dsw042-B9] Wild relatives are the vital source of higher natural allelic diversity, particularly for the improvement of cultivated crops with narrow genetic bases. They are also important for construction of high-density inter-specific genetic linkage maps and mapping of genes/QTLs (quantitative trait loci) governing agronomically important traits because of higher genomic polymorphism. Previously, genomes of the wild progenitors of some cultivated legume crops have been sequenced to decipher the genetic constitution of coding and non-coding components of their genomes and the process of domestication.[@dsw042-B10]^,^[@dsw042-B11] An interspecies mapping population, generated by crossing a chickpea cultivar ICC4958 and its wild progenitor *C. reticulatum* PI489777, is being widely used as a reference to construct high-resolution genetic linkage maps for identification and mapping of genes/QTLs especially controlling important abiotic/biotic stress tolerance and domestication traits.[@dsw042-B12] Here, we report a draft genome assembly of the wild progenitor of cultivated chickpea *C. reticulatum* L. PI489777. Comparative analysis of wild and cultivated chickpea genome assemblies and the genomic resources would accelerate the understanding of molecular basis of selection during the domestication process and genetic enhancement of chickpea.

2. Materials and methods
========================

2.1. Sequencing and assembly
----------------------------

*Cicer* *reticulatum* L. (accession PI489777) plants were grown in the plant growth chamber under controlled condition for 4 weeks before harvesting the fresh leaves for isolating genomic DNA using DNeasy Plant Maxi Kit (Qiagen, Cat no. 68163, Hilden, Germany) following manufacturer's protocol. The sequence data was generated by Illumina HiSeq1000 platform (Illumina, San Diego, CA). Two individual whole genome shotgun (WGS) libraries with average insert size 180 base pair (bp), one WGS library with average insert size 500 bp and one mate-pair (MP) library each of 3,000 and 10,000 bp average insert sizes were prepared and sequenced in 100 baseX2 paired-end (PE) format following manufacturer's protocol for the assembly. The raw sequence reads were filtered using NGS toolkit with default parameter for obtaining high-quality reads.[@dsw042-B16] Filtered reads were assembled by three tools namely, SOAPdenovo2, MaSuRCA and ALLPATHS-LG using a 512 GB RAM and 48 core server.[@dsw042-B17] Finally, the best assembly with ALLPATHS-LG version SL 2.0 with ploidy 2 and default parameters was used for analysis. The minimum scaffold size was kept as 1 kb. Scaffolds were ordered in the linkage groups following the marker sequences of a linkage map constructed using a bi-parental RIL (recombinant inbred line) mapping population (*C. arietinum* acc. ICC 4958 x *C. reticulatum* acc. PI 489777).[@dsw042-B20] The gaps of unknown sizes were joined with 100 N as per National Centre for Biotechnology Information (NCBI) guideline. Transcriptome coverage in the genome assembly was verified using BLAT.[@dsw042-B21] The assembly was submitted to NCBI under the Bioproject PRJNA263699. The sequence reads were submitted to the short read archive (SRA) of NCBI under the IDs SRR160365, SRR1640444, SRR1640451 and SRR1640455. Reference-based genome assemblies were generated by mapping the *C. reticulatum* WGS reads on ICC4958 (*desi*) and CDC Frontier (*kabuli*) genome assemblies using bwa mapping tool with default parameter and producing consensus sequence.[@dsw042-B1]^,^[@dsw042-B3]^,^[@dsw042-B22]

2.2. Gene annotation
--------------------

Gene annotation was performed following the pipeline described previously. Briefly, repeat sequences were identified and masked by the software packages REPEATMODELLER, PILER, REPEATSCOUT, LTR_FINDER REPEATMASKER (<http://repeatmasker.org>) and REPEATPROTEIN MASK.[@dsw042-B23] Repeat-masked assembly was used for annotating protein-coding genes by *ab initio*, homology-based and EST-based approaches. Augustus and GENESCAN tools trained with Arabidopsis data were used for *ab initio* prediction. EXONERATE ([http://www.ebi.ac.uk/∼guy/exonerate](http://www.ebi.ac.uk/&sim;guy/exonerate)[/]{.ul}) and PASA[@dsw042-B27] tools were used for the homology-based and EST-based annotations, respectively, using predicted proteome sequences of *desi* and *kabuli* chickpeas[@dsw042-B1]^,^[@dsw042-B2] and assembled transcriptome of *C.* reticulatum.[@dsw042-B28] Outputs from these three approaches were integrated by EVIDENCEMODELLER (EVM)[@dsw042-B29] to generate consensus gene sets and the EVM output was run through PASA for prediction of spliced variants and various elements like untranslated regions. Filtering parameters of minimum coding sequence (CDS) of 150 base pairs (bp) and low N-content (\<10%) were applied to arrive at the final predicted gene set. To resolve annotation differences between the orthologous gene pairs of wild and cultivated chickpeas during comparative analysis, corresponding gene sequences of both the genotypes were re-annotated using Augustus only for a better comparison. Gene annotation of the reference-based assembly was done by following the annotation files of the corresponding assemblies.

For functional annotation, the predicted protein sequences were searched with various databases such as, ntdb of NCBI, TrEMBL, UniRef100, SwissProt, TAIR and KEGG with cut off E value 1e−5. Resistance gene homologues (RGH) were identified following a previously described method.[@dsw042-B3] Briefly, Hidden Markov Model (HMM) profiles were created for different R gene families using sequences present in the plant resistance gene database. These HMM profiles were used to identify the primary RGH set. These sequences were further screened for the presence of specific RGH-protein domains using InterPro scan and a search in the NCBI conserved domain database.

2.3. Mining of single nucleotide polymorphisms and insertion/deletions
----------------------------------------------------------------------

Sequence reads were filtered with NGS tool kit.[@dsw042-B16] Filtered reads were mapped on the reference sequences using bwa mapping tool. Only uniquely mapped reads were considered for further analysis. The sam files were converted to bam files using samtools, and then to vcf format to identify single nucleotide polymorphisms (SNPs) and insertion/deletions (InDels). High quality SNPs were identified using only unique non-reference alleles supported by five or more reads (in case of *C. reticulatum* WGS reads) and/or three or more reads (in case of restriction-associated genotyping-by-sequencing reads). SNPs on pseudomolecules of eight linkage groups were plotted and visualized by Circos.[@dsw042-B30] Reference-based genome assemblies, reference-based gene annotation and the vcf files of the SNPs/InDels are curated at the website nipgr.res.in/WCGAP/.

2.4. Pair-wise comparison of genomes and genes
----------------------------------------------

Gene cluster analysis was performed by all-against-all BLASTP search of the proteomes of all the concerned plants followed by orthoMCL.[@dsw042-B31] Pair-wise sequence comparison between the pseudomolecules of wild and cultivated chickpea was performed using default parameters of SyMap v4.0.[@dsw042-B32] The whole genome dot plot with eight linkage groups of wild and *desi* chickpeas was generated by selecting hits with \>90% identity. Inter-species gene order colinearity was detected by MCScanX[@dsw042-B33] with default parameter considering BLASTP ≤1e^−5^. Orthologous genes between the wild and cultivated chickpea were identified by BLASTP. Links of collinear gene blocks between the pseudomolecules of two species were shown by dual synteny or circle plot. Protein sequences of orthologous gene-pairs were aligned by ClustalW[@dsw042-B34]. The output file and CDS sequences of the corresponding genes were used to determine synonymous substitution rate (Ks) by PAL2NAL and CODEML in PAML4.5.[@dsw042-B35]^,^[@dsw042-B36] Species divergence was calculated using the equation T = Ks/2r. The value of r was taken as 6.1 × 10 ^−^ [@dsw042-B9] per year.[@dsw042-B37]

2.5. Diversity analysis
-----------------------

Stacks pipeline was used to build loci for restriction site associated DNA (RAD) sequence reads.[@dsw042-B38] The SNP-based genetic diversity and phylogenetic relationships among cultivated and wild chickpea accessions were determined using cladogram interface of TASSEL5.0 ([http://www.maizegenetics.net/\#!tassel/c17q9](http://www.maizegenetics.net/#&excl;tassel/c17q9)). For assessment of population structure among chickpea accessions, the SNP genotyping data were analyzed in STRUCTURE following the methods of Kujur et al.[@dsw042-B39] For determining nucleotide diversity in the intergenic regions, 2 kb up- and downstream regions of gene sequences according to direction of their annotation in the genome were considered. Significance analysis was performed by Wilcoxon rank sum test and paired *t*-test using R stats package (<https://stat.ethz.ch/R-manual/R-devel/library/stats/html/00Index.html>).

3. Results
==========

3.1. Genome sequencing and assembly
-----------------------------------

We prepared 3 paired-end libraries; 2 with 180 bp and 1 with 500 bp insert sizes, along with 2 mate-pair (MP) libraries with 3 kb and 10 kb insert sizes and sequenced using Illumina HiSeq1000 platform to generate 100 × 2 bp short sequence reads. The filtered high quality 1,198,234,588 reads (∼119 Gb) ([Supplementary Table S1](#sup1){ref-type="supplementary-material"}) were used for *de novo* assembly using ALLPATHS-LG, SOAPdenovo2 and MaSuRCA. ALLPATHS-LG produced a better output in comparison to other assembly tools in terms of number and lengths of the scaffolds, generating total scaffold length of 416,562,993 bp at 49X estimated genome coverage ([Supplementary Table S2](#sup1){ref-type="supplementary-material"}). ALLPATHS-LG predicted an estimated genome size of 817.64 Mb at k-mer 25 and 63% of the genome was estimated to be repetitive, while distribution frequency of k-mer 17 by Jellyfish predicted an estimated genome size of 802.003 Mb ([Supplementary Fig. S1](#sup1){ref-type="supplementary-material"})[@dsw042-B40]. The assembly tool generated total 7,383 scaffolds with N50 and average sizes of 216.8 and 56.534 kb, respectively, from 35,261 contigs with N50 and minimum sizes of 23.2 and 1 kb, respectively ([Supplementary Table S3](#sup1){ref-type="supplementary-material"}). Seventeen small scaffolds showing significant similarity with bacterial genome sequences were removed by us and NCBI. Approximately 1,651 scaffolds were anchored to eight linkage groups (LGs) using marker sequences of a linkage map constructed using a RIL mapping population of *C. arietinum* ICC4958 X *C. reticulatum* PI489777^18^ to generate eight pseudomolecules of total 327.07 Mb ([Supplementary Table S4](#sup1){ref-type="supplementary-material"}) within the total assembly of 416,658,930 bp distributed in 5,723 fragments. N50 length of the whole assembly was 39.84 Mb and the largest assembled pseudomolecule was LG6 with 58.23 Mb in length ([Supplementary Table S5](#sup1){ref-type="supplementary-material"}). Out of 1,651 anchored scaffolds, 1,081 scaffolds (∼65%) covering 283.74 Mb (86.77% of total pseudomolecule length) were oriented. Less than 1,000 fragments contributed to more than 90% of the assembly ([Supplementary Fig. S2](#sup1){ref-type="supplementary-material"}). Approximately 74.64 and 48.33% reads of WGS and MP libraries, respectively, were mapped back and covered the whole genome assembly ([Supplementary Table S6](#sup1){ref-type="supplementary-material"}). Paired reads of the 3 and 10 kb MP libraries were mapped to the average distances of 2662 ± 496 bp and 9002 ± 1226 bp, respectively, as a validation of the assembly. Mapping of an earlier reported transcriptome assembly of *C. reticulatum*[@dsw042-B28] showed alignment of 90.74% (33,815 of 37,265 tentative contigs) assembled transcript on the genome assembly with ≥90% identity with ≥80% coverage. About 97% (1,136,248 of 1,171,453 reads) of high-quality transcriptome sequence reads could be mapped on the genome assembly. Core eukaryotic genes mapping approach (CEGMA)[@dsw042-B41] analysis was able to map 319 (∼70%) of total 458 core eukaryotic genes with full coverage and 426 (∼93%) genes with more than 90% coverage and *E*-value 1e−10. Both these data suggested that more than 90% of *C. reticulatum* gene space has been covered in the present genome assembly. For a better comparative analysis with the available chickpea genome assemblies,[@dsw042-B1]^,^[@dsw042-B3] sequence reads of *C. reticulatum* were mapped on both the chickpea genome assemblies and two reference-based consensus genome assemblies of *C. reticulatum* were produced. The chickpea var. ICC4958 (*desi*) reference-based assembly was of 440,184,772 bp and the same for chickpea var. CDC Frontier (*kabuli*) was of 421,850,125 bp in lengths ([Supplementary Table S7](#sup1){ref-type="supplementary-material"}). Polymorphic simple sequence repeats (SSR) between the wild and two domesticated chickpea draft assemblies and the flanking sequences were listed ([Supplementary Table S8](#sup1){ref-type="supplementary-material"}) as a resource for developing genetic markers. Salient features of the assembly are mentioned in [Table 1](#dsw042-T1){ref-type="table"}. Table 1.Assembly and annotation statistics of *C. reticulatum* genomeTotal span416,658,930 bpNo. Scaffolds5,723Max. Scaffold length58,232,078 bpMin. Scaffold length1,000 bpN50 length39,846,785 bpN50 index5Number of annotated gene25,680Average gene length (bp)3,340.89Average coding sequence length (bp)1,192.195Functionally annotated gene25,075Genome assemblyBased on ICC4958440,184,772 bpGenome assemblyBased on CDC Frontier421,850,125 bp%GC27.55

3.2. Genome annotation and comparative analysis of protein-coding genes
-----------------------------------------------------------------------

Using repeat-masked assembly, the protein-coding genes were predicted by three approaches (*ab initio*, homology-based and EST-based), followed by generating a high confidence non-redundant set of consensus genes by merging their results. A total of 25,680 non-redundant consensus genes spanning 85.786 Mb with a gene density of 6.1 genes per 100 kb was predicted. A sum of 666 genes was predicted to have average 2.08 transcript isoforms resulting in total 26,404 protein coding DNA sequences (CDS). Average gene length was 3.34 kb with 5.76 exons per gene and the total CDS length was 30.622 Mb with an average length 1.192 kb. A total of 22,259 genes were located on the pseudomolecules ([Supplementary Table S9](#sup1){ref-type="supplementary-material"}). Annotation of the reference-based assemblies following the annotation coordinates of the reference assemblies resulted in identification of 27,722 and 23,656 genes for ICC4958- and CDC Frontier-based assemblies. The number of predicted genes by *de novo* annotation was less because of less availability of wild chickpea ESTs in the public databases. The *ab initio* and EST-based approaches predicted 27,151 and 25,946 gene models, respectively, resulting in annotation of 25,680 high confidence consensus gene models. A clustering analysis of the *de novo* protein sets showed that a total of 64,904 proteins belonging to 15,068 families were shared by wild, *desi* (ICC4958) and *kabuli* (CDC Frontier) chickpeas, while 17,314 and 15,695 protein families were shared by the wild and *desi*, and the wild and *kabuli* chickpeas, respectively. A sum of 131 proteins belonging to 59 families of the wild chickpea were not shared with either *desi* or *kabuli* chickpea ([Supplementary Fig. S3](#sup1){ref-type="supplementary-material"}). Notably, 97.64% (25,075) predicted proteins displayed significant sequence similarity (≤1e^−5^ by BLAST search) with at least one of the public protein databases analyzed ([Supplementary Table S10](#sup1){ref-type="supplementary-material"}). 15.70% (4033) of the total wild chickpea CDSs did not show any sequence variation with those of *desi* chickpea, while sequences of 12.02% (3209) wild chickpea CDSs were identical with those of *kabuli* chickpea. Approximately 83.62% (21,475) of wild chickpea CDSs showed significant sequence similarity (≥90% identity with ≥80% coverage) with the *desi* chickpea CDSs in contrast to 74.65% (19,170) with *kabuli* chickpea CDSs. In case of protein sequence, 73.50% (18,876) and 63.46% (16,296) of predicted proteins of *C. reticulatum* showed significant sequence similarity (≥95% identity with ≥80% coverage) with the predicted protein sets of *desi* and *kabuli* chickpea, respectively ([Supplementary Table S11](#sup1){ref-type="supplementary-material"}). All these observations emphasized that the *desi* type chickpea was closer to the wild progenitor *C. reticulatum* in evolution as compared to the *kabuli* type chickpea.

3.3. Genomic features
---------------------

Putative pericentromeric region in each linkage group of *C. reticulatum* assembly was delineated by comparing genetic and physical distances and mapping the repeat and gene densities ([Supplementary Fig. S4](#sup1){ref-type="supplementary-material"} and Table S12). Gene density in the pericentromeric region was 5.1 genes/100 kb, in contrast to 9.3 genes/100 kb in the euchromatic region. Average recombination rate in the pericentromeric region (1,921 kb/cM) was similar to that in the *desi* chickpea assembly (1,691 kb/cM).[@dsw042-B3] This high pericentromeric recombination rate (4,350 kb/cM in Phaseolus vulgaris) indicated less anchoring of sequence scaffolds in the pericentromeric region due to lack of markers and scarcity of longer scaffolds. Poor gene density (3.8 genes/100 kb) in the un-anchored scaffolds indicated that those mostly belonged to the pericentromeric region. *C. reticulatum* genome shared a substantial synteny and conservation of gene orders with the genome of the model legume *Medicago truncatula* (Medicago) ([Fig. 2](#dsw042-F2){ref-type="fig"}). Total 17,154 genes of Medicago and *C. reticulatum* existed in 849 colinear blocks of 5 or more genes. The highest synteny was observed between Medicago chromosome 1 (*Mt*1) and *C. reticulatum* LG 4 (*Cr*4) with 82 colinear blocks comprising of 2,037 genes, followed by the synteny between *Mt*3 and *Cr*5 with 52 blocks of 1,475 genes and between *Mt*2 and *Cr*1 with 41 blocks of 1,445 genes ([Supplementary Table S13](#sup1){ref-type="supplementary-material"}). *C. reticulatum* genome assembly was compared with that of the *desi* chickpea (ICC4958). The same genetic map was used for both the assemblies and, therefore, pseudomolecules in both the assemblies shared an overall synteny at the sequence level ([Supplementary Fig. S5](#sup1){ref-type="supplementary-material"}) and gene order level ([Supplementary Fig. S6](#sup1){ref-type="supplementary-material"}) for LGs 2, 6 and 7. The other pseudomolecules showed a few disagreements. Although, extensive local gene collinearity was observed in all the pseudomolecules, incongruity in the positions and orientations of a few gene blocks between the corresponding pseudomolecules of LG1, 3, 5 and 8 were observed. The most disagreement was observed in the upper arm of LG4. These disagreements might have resulted from relatively more dependence on the genetic map for anchoring a large number of scaffolds in case of ICC4958. Comparatively larger scaffolds were anchored in case of *C. reticulatum* using a fewer genetic markers and most of them are oriented. Figure 2Syntenic relationship between *C. reticulatum* (Cr) and *Medicago truncatula* (Mt) pseudomolecules. Mt pseudomolecules are labelled as Mt1-8. *C. reticulatum* pseudomolecules are labelled as Cr1-8. Collinear blocks are shown according to the shades of the corresponding Cr pseudomolecules. The colour version of the figure is available online.

3.4. Comparison of resistance (R) genes
---------------------------------------

Attenuation of resistance against diseases is a common effect of domestication. Therefore, the resistance gene homologues (RGH) of *C. reticulatum* were analyzed in detail in comparison to those of the domesticated chickpea. Total 116 RGH were identified in the wild chickpea assembly following stringent criteria described previously.[@dsw042-B3] However, when the gene sequences of 133 RGH, identified in the advanced draft genome of chickpea ICC4958, were mapped on the wild chickpea genome, four more RGH were obtained ([Supplementary Text S1](#sup1){ref-type="supplementary-material"}), which were not annotated before. Three clusters of R genes were observed in the wild chickpea genome each in LG3, 5 and 6. Among all identified RGH, 22 belong to TIR-NBS-LRR and 28 belong to CC-NBS-LRR families ([Supplementary Table S14](#sup1){ref-type="supplementary-material"}). One hundred four RGH of wild chickpea were orthologous to those of ICC4958, of which coding sequences of 80 orthologous pairs were of same length including 24 identical pairs. The remaining 24 orthologous pairs showed length differences due to InDels in the exons. Experimental validation of most of their sequence was not possible due to lack of the corresponding transcript sequences in the databases. Only two of them were verified by comparing the transcript sequences ([Supplementary Text S2](#sup1){ref-type="supplementary-material"}). One of those (Cr_03218) belonged to CC-NBS family and is orthologous to Ca_03824 of ICC4958 and XM_004490520.2 of CDC Frontier and showed 69 base-deletion in the exon 3. Cr_03218 is orthologous to RGA4 known for resistance against Magnaporthe oryzae.[@dsw042-B42] The other (Cr_10687) belonged to NBS-LRR family and is orthologous to Ca_09490 of ICC4958 and XM_012715315.1 of CDC Frontier showed 9 base deletion in the exon1 of the gene. Cr_10687 is orthologous to *RPM1* gene, well known for conferring resistance against bacterial leaf spot caused by *Pseudomonus* syringae pv. maculicola.[@dsw042-B43] Of the remaining 16 genes of total 120 RGHs, 3 genes were not found in the cultivated chickpea assemblies, 3 genes showed large deletions in the wild species as compared to the corresponding genes in the cultivated species and 10 genes showed deletion in the wild chickpea assembly due to the presence of ambiguous bases (N). Total 34 RGHs are present in 9 clusters (3 or more RGH within 2 Mb) in *C. reticulatum* genome assembly ([Fig. 3a](#dsw042-F3){ref-type="fig"}). LG6 showed the presence of total 9 RGHs in 2 clusters. Six RGHs were found present in LG1 in a cluster. Each of LG2, 3, 4, 5, 7 and 8 showed the presence of 1 RGH cluster. Seven of these clusters were collinear with the CDC Frontier genome assembly. Colinearity of other two clusters could not be confirmed due to the presence of the orthologous genes in unanchored scaffolds of the CDC Frontier assembly. A cluster analysis of the predicted RGHs in the wild and *desi* chickpea assemblies showed high sequence conservation without any outlier group ([Supplementary Fig. S7](#sup1){ref-type="supplementary-material"}). Total 54 RGH of Medicago showed colinearity with *C. reticulatum* RGHs ([Supplementary Table S15](#sup1){ref-type="supplementary-material"}). Orthologues of some well-known RGH, such as RGA4, TMV resistance gene *N*[@dsw042-B44] and powdery mildew resistance gene *RPW8*[@dsw042-B45] can be traced comparing *C. reticulatum* and Medicago genomes through syntenic relationship ([Supplementary Fig. S8](#sup1){ref-type="supplementary-material"}). Figure 3Genome-wide sequence diversity between wild and cultivated chickpea. (a) Genome-wide distribution of nucleotide diversity (θπ) within the wild, *desi* and *kabuli* chickpea genotypes. RAD sequence reads of 10 accessions of *C. reticulatum*, 28 accessions each of *desi* and *kabuli* chickpeas were mapped on the pseudomolecules of 8 LGs of *C. reticulatum*. Circular maps show (from periphery to centre) distribution of gene density (in 0.5 Mb) with R gene loci are shown by vertical lines, nucleotide diversities within *C. reticulatum*, *desi* and *kabuli* accessions. A 500 kb bin size with a 50 kb sliding window and the maximum value of 1 for the *Y*-axis was used to plot nucleotide diversity. (b) Density plot showing distribution of Ks values of the orthologous gene pairs between wild and cultivated (*desi*-light line, *kabuli*-dark line) chickpeas. The colour version of the figure is available online (*desi*-green line, *kabuli*-red line).

3.5. Sequence diversity between the wild and cultivated chickpea
----------------------------------------------------------------

Sequence reads of *C. reticulatum* PI489777 were mapped on pseudomolecules of eight assembled linkage groups of chickpea cultivars CDC Frontier and ICC4958 to analyze genome-wide distribution of SNPs and InDels ([Supplementary Fig. S9 and Table S16](#sup1){ref-type="supplementary-material"}). LG4 of both the assemblies showed the presence of the highest number of SNPs and InDels supporting the previous observation that LG4 is the most variable among all the linkage groups.[@dsw042-B1]^,^[@dsw042-B3] The rate of synonymous substitutions (Ks) were calculated for 15,403 and 12,780 orthologous gene pairs between wild-*desi* and wild-*kabuli*, respectively, to ascertain diversification periods of the domesticated species from the wild species. The plot of Ks values against the number of gene pairs showed two peaks of diversification, one sharp peak at 0.0001 and another diffused peak around 0.006 ([Fig. 3b](#dsw042-F3){ref-type="fig"}). Similar pattern was observed when the transcriptome sequences of the domesticated and wild chickpeas were compared.[@dsw042-B46] The diffused peak around Ks 0.006 corresponds to speciation around 0.5 million years ago, while the peak at 0.0001 possibly suggests recent gene flow from the wild during the domestication process as both the wild and domesticated species are interfertile. To investigate that, SNP frequencies were compared between the intergenic regions of the orthologous gene pairs constituting these peaks. The SNP frequencies in the intergenic regions of the corresponding gene pairs of the younger peak (0.0055 bp^−1^) was significantly lower (*P*-value \< 0.0001) than that of the older peak (0.0090 bp^−1^) suggesting gene flow from the wild to cultivated chickpea. Linkage groups of the present wild chickpea genome assembly was used as the reference for mapping restriction site associated DNA (RAD) sequence reads generated from 10 *C. reticulatum*, and 56 (28 each of *desi* and *kabuli*) cultivated chickpea accessions to assess sequence diversities. Total 15,096 SNPs discovered revealed high average pair-wise nucleotide diversity within the wild (θ~Π ~= 0.338) as compared to that within the cultivated chickpeas (0.296). Nucleotide diversities were compared between the wild and domesticated accessions in the intergenic regions of the orthologous gene pairs representing two aforementioned younger and older peaks. The nucleotide diversity in the intergenic regions of the genes belonging to younger peak (θ~Π~ = 0.33) was significantly lower (*P*-value \< 0.0063) than that of the older peak (θ~Π~ = 0.37) further implicating the occurrence of gene flow from the wild to the domesticated chickpea. Nucleotide diversities of the wild and domesticated chickpeas were plotted along the linkage groups ([Fig. 3a](#dsw042-F3){ref-type="fig"} and [Supplementary Table S17](#sup1){ref-type="supplementary-material"}). Expectedly, LG 4 showed the highest average nucleotide variation within the wild (θ~Π~ = 0.389) and the domesticated chickpeas (θ~Π~ = 0.320). Out of total 7,185 SNPs within the wild chickpea accessions, 3,615 SNPs were found to be present in all 10 *C.* *reticulatum* accessions, and 1,083 and 611 of these were shared with all the *desi* and *kabuli* accessions, respectively. Four hundred and thirty-nine SNPs were found common in all the wild and domesticated chickpeas used in this study. Flanking sequences of the unique SNPs present within the wild, *desi* and *kabuli* chickpeas were provided as marker resource ([Supplementary Table S18](#sup1){ref-type="supplementary-material"}).

Although, there are many contrasting phenotypic differences between wild and cultivated chickpeas and also between the *desi* and *kabuli* landraces such as, erectness, seed coat and flower colour, sizes of seed, leaf and whole plant, in contrast to other grain legumes, the major trait for chickpea domestication was the change in the cropping season and associated loss of vernalization response.[@dsw042-B47] In Arabidopsis, functional *VRN1* and *VRN2* genes are required to maintain vernalization response.[@dsw042-B48]^,^[@dsw042-B49] *VRN1* and *VRN2* orthologues in the wild and domesticated chickpea genome assemblies did not show any sequence variation in the CDS. However, 5′-upstream activating sequences (5′-UAS) of *VRN1* orthologues in the *desi* and *kabuli* genome assemblies showed a 35 base insertion at around 1.1 kb upstream of the translation start codon as compared to their orthologue in the wild chickpea. Ten accessions each of *desi* and *kabuli* chickpea and 4 accessions of *C. reticulatum* were used to verify this sequence variation by PCR amplification followed by sequencing. All the 20 chickpea cultivars used showed 35 base larger amplification products than the 4 accessions of wild chickpea ([Supplementary Fig. S10](#sup1){ref-type="supplementary-material"}). On the other hand, in case of *VRN2* orthologue located at LG8, a conversion of a dinucleotide repeat (TC)~15~, present around 200 bp upstream to the translation start codon in the wild genotype, to (TC)~49~ and (TC)~25~ was observed in the *desi* and the *kabuli* genome assemblies, respectively. This sequence variation was verified in 10 accessions each of *desi* and *kabuli* chickpea and 4 accessions of *C. reticulatum*. The extent of this repeat varied in the domesticated and wild accessions when investigated by PCR amplification. However, all the used wild accessions displayed shorter repeat sequence than the cultivated accessions ([Supplementary Fig. S11](#sup1){ref-type="supplementary-material"}). Further investigations are required to associate these structural variations with the vernalization response in chickpea.

3.6 Molecular diversity, phylogeny and population genetic structure
-------------------------------------------------------------------

The estimation of pair-wise genetic distance among 28 accessions each of *desi* and *kabuli* chickpea and 10 accessions of wild *C. reticulatum* ([Supplementary Table S19](#sup1){ref-type="supplementary-material"}) using 15,096 SNPs physically mapped over eight pseudomolecules of LGs of the present assembly depicted a wide range of distance coefficient from 0.13 to 0.56 with an average of 0.35. The genetic distance between the *desi* and *kabuli* cultivar groups (distance coefficient 0.35) was least as compared to that of *desi* versus wild (0.42) and *kabuli* versus wild (0.45). The genetic relationship among 56 cultivated and 10 wild chickpea accessions was depicted in an unrooted dendrogram ([Fig. 4a](#dsw042-F4){ref-type="fig"}). The SNPs clearly discriminated all the 66 accessions from each other resulting in a definite grouping among *desi* and *kabuli* and wild chickpeas. The accessions belonging to wild *C. reticulatum* were clustered together in a group distinctly from the *desi* and *kabuli* cultivars. Figure 4Genome-wide SNP-based molecular diversity among 66 wild and domesticated chickpea accessions. (a) Unrooted phylogram depicting the genetic relationships (Nei's genetic distance) among 66 wild (R1-10), *desi* (D1-28) and *kabuli* (K1-28) chickpea accessions based on genome-wide SNP mapped on *C. reticulatum* genome assembly. The phylogenetic tree differentiated 66 accessions into three diverse groups. (b) The population genetic structure of the wild and domesticated chickpea accessions. The mapped genetic markers assigned to three distinct *desi*, *kabuli* and wild population groups at population number (K = 3). The accessions represented by vertical bars along the horizontal axis were classified into K colour segments based on their estimated membership fraction in each K cluster. The colour version of the figure is available online.

The population genetic structure was determined among the 66 cultivated and wild accessions using the physically mapped SNPs. The optimization of population structure at varying levels of K (K = 2--10) with 20 replications revealed that at K value of 3, all the 66 cultivated and wild accessions were classified majorly into three distinct populations, wild, *kabuli* and *desi* as per expected pedigree relationships and parentage ([Fig. 4b](#dsw042-F4){ref-type="fig"}). This was agreed-well with the clustering pattern as observed among 66 chickpea accessions by the phylogenetic tree analysis using pair-wise genetic distances ([Fig. 4a](#dsw042-F4){ref-type="fig"}). Based on population structure analysis, the population group I consisting of 10 accessions of wild *C. reticulatum*, group II with 26 and 4 accessions of *kabuli* and *desi*, respectively and group III having 24 and 2 accessions of *desi* and *kabuli*, respectively. The molecular genetic variation among and within the three populations based on the SNPs exhibited a wider level of quantitative genetic differentiation (F~ST~ varied from 0.17 to 0.54 with an average of 0.38) among three population groups. Among the three population groups, the divergence was maximum between group II (*kabuli*) and group I (wild) (F~ST~ = 0.47) and minimum between group III (*desi*) and group II (*kabuli*) (F~ST~ = 0.15). The proportion of F~ST~ and thus diversity between the population groups was higher as compared to that estimated within populations. Higher genetic differentiation was observed in *kabuli* than that of *desi*. All the 6 cultivated chickpea and 10 wild accessions clearly belonged to a single population in which about 81.3% of their inferred ancestry was derived from one of the model-based population and remaining ∼18.7% contained admixed ancestry. Maximum admixture (∼12%) was observed between group II (*kabuli*) and group III (*desi*) populations followed by group III (*desi*) and group I (wild) (∼4%) and group II (*kabuli*) and wild (∼2%) populations ([Fig. 4b](#dsw042-F4){ref-type="fig"}).

DISCUSSION
==========

Wild relatives of chickpea are underexploited resource for introducing genomic variation in the domesticated species, which is suffering from a narrow genetic base. The draft genome assembly of the inter-crossable wild progenitor *C. reticulatum* would provide an excellent resource for studying allelic variation and domestication of chickpea. The assembled pseudomolecules of eight linkage groups in the present draft assembly are equivalent in length to those in the published assemblies of the cultivated species[@dsw042-B1]^,^[@dsw042-B3] and were constructed with larger sequence scaffolds. Almost the whole gene spaces of the respective species have been covered in the corresponding assemblies and, therefore, the analyses presented in this report including the resource of polymorphic SSRs and SNPs between the wild and the domesticated species would provide a significant resource for genome-wide large-scale genotyping applications. The reference-based assemblies produced by mapping *C. reticulatum* reads on two chickpea draft genome assemblies could be used for direct comparison between the wild and the domesticated species. Domestication process of chickpea followed a different course from the other crops domesticated in Fertile Crescent.[@dsw042-B4] Geographical distributions of two domesticated chickpea types are distinctly separate. While the *kabuli* type is restricted mostly in the Western Mediterranean, the *desi* type is mostly grown in the Central Asia and Indian subcontinent. It is possible that the domestication traits were fixed before the evolution of agriculture and subsequent selection based on local adaptation occurred during domestication. Comparative analysis showed *desi* type chickpea genome was relatively closer to the wild as compared to the *kabuli* type. However, at present, selection of *kabuli* type from *desi* type chickpea[@dsw042-B50] appears unlikely because of extent of genomic variations between this two types considering separation of only a few thousand years. Additionally, molecular diversity analysis clearly separates these two types. Therefore, an early separation predating agriculture followed by domestication-associated selection according to local adaptability may provide an alternative hypothesis of chickpea domestication process.

Detection of a wider molecular diversity and genetic base using genome-wide SNPs would be much relevant in establishing distinctness and selection of desirable plant types for varietal improvement in chickpea. As expected, the correspondence of clustering pattern obtained among the accessions belonging to *desi*, *kabuli* and wild chickpea groups with the pedigree relationship and parentage further suggests that the molecular diversity assessed by genome-wide SNPs is realistic and thus would be useful in chickpea genomics-assisted breeding. The admixed ancestry among three populations might be due to their complex breeding history involving inter-crossing and introgression among *desi*, *kabuli* and wild chickpea accessions along with strong selection pressure and evolutionary bottleneck during chickpea domestication.[@dsw042-B4]^,^[@dsw042-B51] Higher admixture (∼5%) among 2 wild *C. reticulatum* accessions (ILWC 247 and ILWC 242) and 1 each of *desi* (ICC 16374) and *kabuli* (ICC 11847) accessions originated from Syria is expected due to involvement of *C. reticulatum* as one of the parents in cross-breeding program for their varietal improvement. This reflects more influence of parentage/geographical origination rather than cultivar-specific classification especially in higher admixed 6 *desi* and *kabuli* and 3 wild *C. reticulatum* accessions. Collectively, the genome assembly and annotation of the wild progenitor of chickpea, and the comparative analysis with the domesticated species would increase opportunities for more strategic use of the wild germplasms for improved crop management.
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